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Two-dimensional electron honey: highly viscous electron fluid
in which transverse magnetosonic waves can propagate
P. S. Alekseev and A. P. Alekseeva
Ioffe Institute, 194021 St. Petersburg, Russia
One of the main macroscopic differences between ordinary and highly viscous fluids is the lack
of transverse sound in the first and possibility of its excitation in the second. In modern high-
mobility conductors (Weyl semimetals, best-quality quantum wells, and graphene) electrons can
form a viscous fluid at low temperatures. In this work we develop high-frequency hydrodynamics
of two-dimensional highly viscous electron fluids in magnetic field. Such fluids are characterized
by simultaneous presence of the excitations associated with the elastic stress (transverse sound) as
well as with the violation of the local charge neutrality (plasmons). We demonstrate that both the
viscoelastic and the plasmonic components of a flow can exhibit the viscous resonance that was
recently proposed for charged viscous fluids. This resonance is related to rotation of the viscous
stress tensor of a charged fluid in magnetic field. We argue that the viscous resonance is responsible
for the peak and the peculiarities observed in photoresistance and photovoltage of the ultra-high
mobility GaAs quantum wells. We conclude that a highly viscous electron fluid (“electron honey”)
is realized in those structures.
PACS numbers: 72.80.Vp, 73.21.Fg, 72.20.-i, 72.15.Nj, 72.30.+q
1. Introduction. In materials with enough weak disor-
der phonons and conduction electrons can form viscous
fluids provided that the inter-particle collisions conserv-
ing momentum are much more intensive than any other
collisions which do not conserve momentum [1]. The
hydrodynamic regime of phonon transport in liquid he-
lium and dielectrics was studied several decades ago in
sufficient details [2, 3]. However, only recently the hy-
drodynamic regime of charge transport was discovered
in the novel ultra-high quality materials: GaAs quan-
tum wells [4–9], 2D monovalent layered metal PdCoO2
[10], 3D Weyl semimetal WP2 [11], and graphene [12–
14]. These experimental discoveries were accompanied
by an extensive development of theory [15–36].
One of the evidences of the hydrodynamic regime of
electron transport is the giant negative magnetoresis-
tance effect, which is the decrease of resistance by 1-2
orders of magnitude in moderate magnetic fields, was
discovered in the best-quality GaAs quantum wells [4–
7], the Weyl semimetal WP2 [11], and, very recently, in
graphene [14]. This effect was explained by the hydrody-
namic model taking into account the dependence of the
viscosity coefficients of electrons on magnetic field and
temperature [19]. Another evidence of forming a viscous
electron fluid in graphene and high-mobility GaAs quan-
tum wells is observation of the negative nonlocal resis-
tance related to formation of whirlpools [9, 12, 20].
High-frequency transport in a viscous electron fluid
was theoretically considered in several recent publica-
tions [30–33]. An ac flow of the fluid in a long sample
in zero magnetic field was studied in Refs. [30, 31]. A
Navier-Stocks equation for the two-dimension (2D) elec-
tron fluid in magnetic field with taking into account the
time dispersion of viscosity was derived in Refs. [24, 33].
The ac viscosity coefficients of 2D electrons have a res-
onance at a frequency ω equal to the doubled electron
cyclotron frequency 2ωc [33]. Such the viscous resonance
manifests itself in the damping coefficient of magneto-
plasmons [33]. Plasmons and transverse zero sound in
a 2D electron Fermi liquid in zero magnetic field were
studied in Refs. [34, 36]
In this work we demonstrate that the viscous resonance
can be used to detect the excitation of transverse zero
sound in a highly viscous electron fluid. We provide the
evidences that this phenomenon have been observed in
recent experiments on the 2D electron fluid in the best-
quality GaAs quantum wells [37–39].
An ac flow of a highly viscous electron fluid in a
microwave electric field consists of the plasmonic part
formed by standing waves of plasmons and the viscoelas-
tic part formed by standing waves of transverse zero
sound. The last exists in Fermi liquids with enough
strong interaction between quasi-particles [40]. We study
transverse zero sound in a 2D electron Fermi liquid in
magnetic field. We use the hydrodynamic approxima-
tion, which is valid at strong enough inter-particle inter-
action. The viscoelastic contribution determine the flow
in the near-edge regions of wide samples and in the whole
space in narrow samples [30, 31]. We demonstrate that
in a perpendicular magnetic field the standing waves of
the transverse zero sound are formed at the frequencies
above the viscous resonance frequency, ω > 2ωc, and are
not formed at ω < 2ωc. Because of this change of the
flow, an ac current in narrow samples exhibits the vis-
cous resonance at ω = 2ωc. Around these frequencies the
behavior of the electron fluid resembles one of an amor-
phous elastic media near the viscoelasticity transition, so
the term “electron honey” can be coined.
We discuss the giant peak and the peculiarities that
were recently observed in photoresistance and photovolt-
2age of ultra-high mobility GaAs quantum wells at the
frequencies near ω = 2ωc [37–39]. We argue that excita-
tion of transverse zero sound, leading to the viscous res-
onance, is responsible the observed phenomena. We also
discuss that the independence of the viscoelastic part of
the flow on the sigh of the circular polarization of radia-
tion correlates with the experiments [41–44]. We believe
that the phenomena studied in this work should be ex-
pected in high-quality graphene and other material where
the viscous transport have been recently realized.
2. Ac hydrodynamics of 2D electron Fermi gas and
strongly non-ideal Fermi liquid. If the inter-particle inter-
action of electrons is weak and they can be regarded as an
almost ideal Fermi gas, the hydrodynamic approach can
be used when the characteristic space scale W of chang-
ing of the hydrodynamic velocity V(r, t) is far greater
than, at least, one of the following lengths: the elec-
tron mean free path relative to electron-electron collisions
lee = vF τee; the electron cyclotron radius Rc = vF /ωc;
the length of the path that free electron passes during
the period of changing of V(r, t), lω = vF /ω [1]. Here
r = (x, y) is the coordinate in the 2D layer, vF is the
Fermi velocity, ω is a characteristic frequency of a flow,
ωc is the cyclotron frequency, and τee is the electron-
electron scattering time.
An ac flow of the electron gas is described by the par-
ticle density n(r, t) = n0 + δn(r, t) and the hydrody-
namic velocity V(r, t) (n0 is the equilibrium density).
We decompose δn(r, t) and V(r, t) by time harmonics
proportional to e−iωt with the complex amplitudes δn(r)
and V(r). In the regime linear by the external ac elec-
tric field, the continuity equation and the Navier-Stocks
equation in magnetic field B = Bez at the frequencies ω
compared with ωc and 1/τee have the form [33, 45]:
− iω δn+ n0divV = 0 , (1)
−iωV = eE/m+ωcV×ez+ηxx∆V+ηxy ∆V×ez , (2)
where E = E(r) is the complex amplitude of the electric
field E(r, t), e is the electron charge, m is the electron
mass, and the ac viscosity coefficients ηxx = ηxx(ω) and
ηxy = ηxy(ω) have the form [33]:
ηxx
ηxy
}
=
η0
1 + (−ω2 + 4ω2c)τ2ee − 2iωτee
{
1− iωτee
2ωcτee
, (3)
Here η0 = v
2
F τee/4 is the viscosity in zero magnetic field.
In Eq. (2) we omit the hydrodynamic pressure term,
−∇P/m, and the bulk momentum relaxation term,
−γV. Although a perturbation of the electron density
δn(r, t) leads to a perturbation of pressure δP (r, t) as
well as to arising of the electric field Eint(r, t) due to
violation of local charge neutrality, the value of ∇ δP
is much smaller than eEint [45]. For weak enough disor-
der and low temperature, the bulk momentum relaxation
term, −γV is important only in the very vicinity of the
cyclotron resonance or in the central part of very wide
samples [45].
At ω, ωc ≫ 1/τee the viscosity coefficients (3) have a
resonance at ω = 2ωc. The origin of such the viscous
resonance is rotation of the viscous stress tensor σ′ij =
−m〈vivj〉 in magnetic field with is the own frequency 2ωc
(v is the velocity of a single electron and the triangular
brackets denotes averaging by all electrons).
If the interaction between 2D electrons is strong, they
must be treated as a Fermi liquid. Eqs. (1) and (2),
describing in this case a fluid consisting of the quasipar-
ticles of the Fermi liquid, can be derived from the kinetic
equation for quasiparticles [52]. Herewith the coefficients
n0 and η0 will contain not only the characteristics of the
quasiparticle spectrum, but also the large Landau pa-
rameters, characterizing the interaction between quasi-
particles [52]. Eigenmodes of a Fermi liquid allow hy-
drodynamic consideration within Eqs. (1) and (2) pro-
vided the following condition: the Landau parameters in
the Fermi liquid units must be much greater than unity
[53]. In this case, the value of the viscosity coefficient η0
is mainly proportional to the Landau parameters, thus
the parameter vF = 2
√
η0/τee is much larger than the
actual quasi-particle velocity at the Fermi sphere, vF0:
vF ≫ vF0.
The electric field E(r, t) consists of the two parts: the
field of incident radiation E0(t) and the internal field
Eint(r, t) induced by the perturbation of the electron
density δn(r, t). We do not consider the retardation
effects which can be important in the region of small
wavevectors in some structures (see Ref. [54, 55]). Thus
we use the electrostatic formula Eint = −∇δϕ. For
the structures with a metallic gate located at the dis-
tance d from the 2D layer the electrostatic potential is:
δϕ = (4πed/κ) δn, where κ is the background dielectric
constant. For the structures without a gate the relation
between δϕ(r, t) and δn(r, t) is given by the Coulomb law
with the 2D charge density e δn.
3. Formation of the linear response. There are the two
types of waves that can be exited in a highly viscous elec-
tron fluid: magnetoplasmons and transverse zero magne-
tosound, the waves similar to the transverse sound in
elastic media.
The magnetoplasmon waves are described by the one of
the two wave solutions of Eqs. (1) and (2) in the absence
of external ac field, E0 = 0. Neglecting the relaxation
processes, we obtain the dispersion law of magnetoplas-
mons: ωp(q) =
√
ω2c + s
2q2, where s = 2
√
πe2n0d/mκ is
the plasmon velosity which is consider to be much greater
than vF . Damping coefficient of magnetoplasmons due
to viscosity is [33]:
Υp(q) =
ω2c + ω
2
p
2ω2p
q2Re ηxx +
ωc
ωp
q2 Im ηxy . (4)
Here the viscosity coefficients ηxx = ηxx(ω) and ηxy =
3ω c
2ω 
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FIG. 1: (a) The dispersion laws of magnetoplasmons and
transverse zero sound. The dashed lines demonstrates the
dispersion laws in zero magnetic field. At q → 0 the vis-
cosity stress tensor of the fluid rotates with the frequency
ωs(0) = 2ωc. (b) A long sample in circullary polarized ac
electric field E0(t) and perpendicular magnetic field B. The
sample width W is larger than the decay lengths Lp and Ls
of magnetoplasmons and magnetosound, thus the three types
of regions are formed: the central region where the flow is
controlled by the bulk momentum relaxation; the near-edge
layers with the widths Ls in which the flow is governed by
viscosity; and the regions Ls < |y − W/2| < Lp where the
flow is formed magnetoplasmons.
ηxy(ω) are taken at ω = ωp(q). Damping of magneto-
plasmons due to scattering on disorder in high-quality
samples with very small γ is important only in the very
vicinity of the cyclotron resonance, |ω − ωc| . γ [45].
The second wave solution of Eqs. (1) and (2) at E0 = 0
corresponds to magnetosound, whose amplitude V0 is
perpendicular to the wavevector q. Such transverse
sound is related to an elastic part of the shear stress,
which arises in an inhomogeneous ac flow of a viscous
fluid. Within the hydrodynamic approximation, the
magnetosound dispersion law ωs(q) and its damping co-
efficient Υs(q) come from the time dispersion of viscos-
ity (3). At high frequencies, ωc, ω ≫ 1/τee, one ob-
tains [45]:
ωs(q) =
√
4ω2c +
v2F q
2
4
, Υs(q) =
4ω2c + ω
2
s
2ω2sτee
. (5)
As it was discussed above, for a strongly non-ideal Fermi
liquid the parameter vF is much greater than the actual
Fermi velocity vF0. Therefore the magnetosound wave-
length, having the order of magnitude ls = lω = vF /ω at
ωc ∼ ω, is much larger than the path that a quasiparticle
passes during one period of ac field, ∼ vF0/ω. Thus we
can consider the flows with the character spacescales W
as small as vF0/ω ≪ W ≪ lω. For our case s ≫ vF the
dispersions laws ωp(q) and ωs(q) are shown at Fig. 1(a).
Next, we calculate a linear response of the fluid on a
circularly polarized ac electric field E0(t) = E0e
−iωt +
c.c., where E0,x = E0/2, E0,y = ∓iE0/2, and the signs
“−” and “+” correspond to the right and the left circu-
lar polarizations. We consider only the structures with
a gate, believing that the main results will be quantita-
tively the same for ungated structures, while the calcu-
lations will be far more complex.
We study a flow in a long sample with rough bound-
aries, at which the zero boundary conditions, V(y =
±W/2) = 0, are fulfilled. Herewith the layers formed by
the magnetoplasmons and magnetosound are separated
in space and have the widths Lp and Ls of different or-
ders of magnitudes (see Fig. 1(b) and Ref. [45]). The
result for the complex amplitude I = en0
∫W/2
−W/2 V(y) dy
of the current I(t) in the main order by the parameter
vF /s≪ 1 is [45, 56]:
I
I0
=
ω
ω˜ − ωc
(
i
±1
)
± fp
ω˜ − ωc
(
iωc
−ω
)
− i fs
ω
(
1
0
)
, (6)
where I0 = e
2n0E0W/(2mω); the first term is the usual
Drude contribution, which dominates in the central part
of wide samples; ω˜ = ω + iγ takes into account a weak
scattering on disorder; the second and the third terms,
being proportional to fp,s = tanh(λp,sW/2)/(λp,sW/2),
describe the plasmonic and the viscoelastic contributions,
respectively; λp = iqp − ωΥp/(s2qp) corresponds to the
magnetoplasmons with the decay length Lp = |1/Reλp|,
qp =
√
ω2 − ω2c/s is the magnetoplasmon wavevector;
and λs = −iω/ηxx corresponds to the magnetosound
with the decay length Ls = |1/Reλs|.
It is noteworthy that the viscoelastic part of the cur-
rent (6) is independent on the sigh of the circular polar-
ization.
4. Properties of the linear response. The linear re-
sponse (6) describes, in particular, absorbtion of energy
from ac field. The dependance of the absorbtion power
W = 2Re(E∗0I) on ω and ωc changes its character with
changing the sample width and exhibits the resonances
related to the Drude, the plasmonic and the viscoelastic
parts of the ac flow.
In very wide samples, W ≫ Lp, absorbtion is mainly
determined by the Drude part of the flow in the central
part of the sample [see Fig. 1(b)]. The function W(ωc)
for a fixed ω exhibit the cyclotron resonance at ωc = ω.
In moderately wide samples, lp ≪ W ≪ Lp, the
standing waves of magnetoplasmons are formed inside
the whole sample at ac frequencies above the cyclotron
resonance, ω > ωc. Here lp = s/ω is the characteristic
magnetoplasmon wavelength at ω ∼ ωc. When the sam-
ple width is equal to an integer or a half-integer num-
ber of magnetoplamon wavelengths, W = mπ/qp(ωc) (m
is an integer, ω is fixed), W(ωc) exhibits the plasmonic
resonances [see Fig. 2(a)]. The plasmonic resonance fre-
quency ωc,p(W ) can fall in the vicinity of the viscous
resonance, ωc = ω/2, or away from it. Herewith the
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FIG. 2: (a) Absorbtion powerW as a function of ωc at fixed ω
for the wide samples (W/lee = 148.5, 150.5, 152.35, 154, 156
for green, blue, red, brown, and light-blue solid curves) at
ωτee = 50 and s/vF = 300. The dependencies W(ωc) exhibit
the plasmonic resonances, whose frequencies ωc,p depend on
the sample width W . Dashed line is the dissipative parts of
the viscosity coefficients, Re ηxx = Im ηxy. The width of plas-
monic resonances is maximal at the maximum of Re ηxx(ωc).
(b,c) Colourmaps of the function W(ωc,W ). Maximums of
W, are located at the intersections of the region ωc ≈ ω/2
attributed the viscous resonance by the bent narrow regions
attributed the plasmonic resonances.
width of the plasmonic resonance, which is proportional
to the damping coefficient due to viscosity (4), resonantly
depends on ωc − ω/2 (see Fig. 2).
In medium samples, Ls ≪ W ≪ lp, at ac frequencies
above the viscous resonance, ω > 2ωc the flow in the
near-edge regions, W/2 − |y| . Ls, have the form of the
standing waves of the transverse zero sound. Below the
viscous resonance, ω < 2ωc, the viscous part of the flow
is located in the narrower near-edge layers,W/2−|y| . ls
(ls ≪ Ls, and has an exponential non-oscillating profile.
Due to such change of the type of the flow near ω = 2ωc,
the viscous resonance arises as an asymmetric peak in the
dependencies W(ωc) and I(ωc) [see Fig. 3(a,b)]. From
Eq. (6) one obtains near the resonance [45]:
W(ωc) ∝ Re [−i+ (2ωc − ω)τee]−1/2 . (7)
Such peak is strongly asymmetric relative to the point
ωc = ω/2 [see Fig. 3(a,b)].
In narrow samples, ls ≪ W ≪ Ls, standing waves
of magnetosound are formed in the whole sample at ω >
2ωc. When the sample width becomes equal to an integer
or a half-integer number of magnetosound wavelengths,
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FIG. 3: (a) Absorbtion powerW as a function of ωc at fixed ω
for medium and narrow samples widths W/lee = 5.7, 3.2, 1.8
(yellow, blue, and red curves) at ωτee = 50 and s/vF = 300.
Inset presents the imaginary part of the ac current Ix(ωc) for
a medium sample (W/lee = 1.8). The viscous resonance at
ωc = ω/2 and the magnetosound resonances ωc,s = ωc,s(m)
are seen. (b,c) Colormaps of the functions W(ωc,W ) and
R(ωc,W ) for medium and very narrow samples, respectively.
The profile of the viscous resonance is asymmetric for medium
and narrow samples and symmetric for very narrow samples.
W = mπ/qs(ωc), the resonances ωc,s = ωc,s(m) re-
lated to standing magnetosound waves appear in W(ωc)
(qs = 2
√
ω2 − 4ω2c/vF is the magnetosound wavevector).
Such resonances, shown at Figs. 2(a,b), can be named
the “magnetosound resonances”.
In maximally narrow samples, W ≪ ls, the velocity
V(y) has a parabolic profile in a whole sample [45]. This
regime can be regarded as the ac Poiseuille flow in mag-
netic field. The viscous resonance manifests itself not in
the current, but in the ac impedance Z = E/Ix. Near
the resonance Eq. (6) for the real part of the impedance
R = ReZ yields:
R(ωc) ∝ [1 + (2ωc − ω)2τ2ee]−1 . (8)
This is the Lorenz profile, symmetric relative to the point
ωc = ω/2 [see Fig. 3(c)]. At ωτee ≫ 1 the imaginary part
of the current (6), Im Ix = I0(4ω
2
c − ω2)W 2/(3v2F ), does
not depend on any relaxation parameter. Such result
corresponds to ac field-induced oscillations of a charged
elastic 2D media, glued to the edges y = ±W/2. The
inter-particle scattering with the rate τee is responsible
for damping of this oscillations.
We conclude that the viscoelasticity transition occurs
in the system with decrease of the sample widthW below
5the magnetosound damping length Ls and increase of ac
frequency ω above 1/τee.
5. Manifestation of the viscous resonance in non-linear
effects. In high-mobility GaAs quantum wells bright sur-
prising effects were observed at the frequencies ω = 2ωc
in non-linaer ac magnetotransport: a strong peak in pho-
toresistance [37, 38] and a peculiarity in the photovoltaic
effect [39]. Below we present the arguments that the vis-
cous resonance is responsible for these effects.
It was stressed in Ref. [37] that the strong peak in
photoresistance and a very well pronounced giant nega-
tive magnetoresistance, explained in Ref. [19] as a man-
ifestation of forming a viscous flow, are observed in the
same best-quality GaAs structures. If 2D electrons in
such structures form a viscous fluid, any ac effect must
inevitably have peculiarities at the frequency of the vis-
cous resonance.
We have demonstrated that the peak of the viscous
resonance can be asymmetric as well as symmetric, de-
pending on the sample width. Both these two forms of
the peak were observed in photoconductivity in experi-
ments [37, 38] at different conditions .
In Ref. [39] the photovoltage effect was measured on
several GaAs quantum well structures of different ge-
ometries. The peculiarity at ω = 2ωc was much better
observed in the sample having a meander-shaped gate,
compared with the uniformly-gated and ungated sam-
ples. Apparently, the meander-shaped gate leads to in-
homogeneous perturbations of the electron flow. Thus in
the meander-gated sample the role of viscosity must be
greater than in the other samples and the viscous res-
onance is expected to be more pronounced, as it was
observed.
In Refs. [41–44] it was shown that photoresistance of
high-mobility GaAs quantum wells is usually almost in-
dependent of the sign of circular polarization of radiation
at ωc . ω. Although the discussed above giant peak in
photoresistance was observed up to now only for the lin-
ear polarization of ac field, a detailed analysis [45] of the
results of Refs. [41–44] correlates with the statement that
the peak has the hydrodynamic nature.
The assumption about the strong interaction between
quasiparticles of the electron Fermi-liquid in the high-
mobility GaAs quantum wells seems to be fulfilled. In-
deed, the parameter rs characterizing the strength of the
Coulomb interaction in a 2D electron system is about
unity for the structures studied in Refs. [37–39]. In addi-
tion, there are experimental evidences that the effective
mass of 2D electrons in the high-mobility GaAs quantum
wells is strongly renormalized due to the inter-particle in-
teraction [57, 58]. Our preliminary analysis [53] demon-
strates that the strong interaction between quasiparticles
in the 2D electron Fermi liquid justify the applicability
of hydrodynamics for the proper description of magne-
tosonic perturbations in such fluids.
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1. Calculation of linear response of 2D electron fluid
on ac electric field
In this section we present a calculation of the flow of
a highly viscous 2D electron fluid in a long sample with
rough boundaries.
In the regime linear by external ac electric filed, the
continuity and the Navier-Stocks equation for an electron
fluid in magnetic field, taking into account bulk momen-
tum relaxation, are [1]:
− iω δn+ n0divV = 0 , (9)
and
−iωV = e
m
E(r, ω) + ωc [V × ez]− γV− ∇P
m
+
+ηxx(ω)∆V + ηxy(ω) [∆V × ez]
, (10)
where E(r, ω), δn = δn(r, ω) and V = V(r, ω) are the
complex amplitudes of the harmonics of the electric field
E(r, t), the particle density δn(r, t), and the hydrody-
namic velocity V(r, t); n0 is the unperturbed electron
density; e < 0 is the electron charge; m is the electron
mass; γ is the rate of momentum relaxation in bulk due
to the electron scattering on disorder or phonons; P is
the pressure in the electron gas; and the ac viscosity coef-
ficients ηxx(ω) and ηxy(ω) depend on magnetic field and
frequency as [1]:
ηxx(ω) = η0
1− iωτee
1 + (−ω2 + 4ω2c )τ2ee − 2iωτee
,
ηxy(ω) = η0
2ωcτee
1 + (−ω2 + 4ω2c )τ2ee − 2iωτee
.
(11)
Here η0 = v
2
F τee/4 is the 2D electron viscosity in the
absence of magnetic field; τee is the time of relaxation
of the second harmonics (by the electron velocity angle)
of the electron distribution function; and vF is the Fermi
velocity vF0 for the case of a weak electron-electron inter-
action and the parameter determined as vF = 2
√
η/τee
for a strong inter-quasiparticle interaction. In the last
case, vF depends on the parameters of the Landau func-
tion describing the interaction of quasiparticles and is
much greater than the Fermi velocity vF0.
The electric field E(r, t) consists of the two parts: ex-
ternal circularly polarized electric field E0(t) and the in-
ternal electric field Eint(r, t) induced by the perturbation
of the 2D electron density δn(r, t). In this work we do not
consider the retardation effects which can be important
in the region of small wavevectors in some structures (see
Ref. [2, 3]). When we can neglect the retardation effects,
we just have the electrostatic formula Eint = −∇δϕ,
where the electrostatic potential δϕ is related to δn. For
the structures with a metallic gate located at the distance
d from the 2D layer we have:
δϕ =
4πed
κ
δn , (12)
where κ is the background dielectric constant. For the
structures without a gate the relation between δϕ(r, t)
and δn(r, t) is given just by the Coulomb law with the
charge density ̺(r, z, t) = e δn(r, t) δ(z), where δ(z) is
the Delta-function depicting the position of the 2D layer:
δϕ(r, t) = e
∫
d2r′
δn(r′, t)
|r− r′| . (13)
The ratio of the terms −∇P/m and eEint/m in
Eq. (10) is estimated as aB/d for the structures with a
gate and as aBq for the ungated structures, where aB is
the Bohr radius and q is the character wavevector. Both
these values must be much smaller than unity when the
2D electrostatic equations are applicable.
Neglecting the relaxation processes and in the absence
of the external electric field, E0 = 0, we obtain from
Eqs. (9), (10), and (12) the usual formula for the disper-
sion law of magnetoplasmons. For the gated structures
it is:
ωp(q) =
√
ω2c + s
2q2 , (14)
where s =
√
4πe2n0d/mκ. The second term under the
square root, s2q2, is the squared plasmon frequency in
the absence of magnetic field. For the ungated structure
it changes on 2πe2n0q/mκ.
We calculate a linear response of the electron fluid
on the circularly polarized homogeneous ac electric field
E0(t) = E0e
−iωt + c.c.,
E0 =
E0
2
(
1
∓i
)
, (15)
where the signs “−” and “+” correspond to the right and
the left circular polarizations of ac field.
We confine ourselves by consideration only the case
of gated structures. We believe that the main physical
results will be quantitatively the same for ungated struc-
tures, while the calculations will be far more complex for
ungated structures due to non-local character of electro-
statics in the ungated case [see Eq. (13)].
Let us consider a high-frequency flow in a long sam-
ple, −L/2 ≪ x ≪ L/2, −W/2 ≪ y ≪ W/2, L ≫ W ,
with rough longitudinal boundaries. This is the simplest
“minimal” model for studying viscous transport in the
confined geometry. The velocity field V(r, t) have the
form: V(r, t) = V(y)e−iωt + c.c., and the analogous for-
mulas take place for δn(r, t) and δU(r, t). Substitution of
δn(y) and δϕ(y) from the continuity and the electrostatic
equations (9) and (12) to the Navier-Stocks equation (10)
8yields the closed equation for the complex amplitude of
the velocity V(y): iω˜ + η ∂
2 −(ωc + η ∂2)
ωc + η ∂
2 iω˜ +
(
η + i s
2
ω
)
∂2
V = −eE0
m
, (16)
where we introduce the simplified notations: ∂ = ∂/∂y,
ω˜ = ω + iγ, η = ηxx(ω), and η = ηxy(ω). Equation (16)
for the rough sample edges should be supplemented by
the diffusive boundary conditions:
V|y=±W/2 = 0 . (17)
We suppose that the rate of electron scattering on dis-
order, γ, is the smallest value among all other frequencies
and rates of the problem: γ → 0. The equation for the
eigenvalues in this case is:(
i
s2
ω
η + η2 + η2
)
λ4 + (−s2 + 2iωη + 2ωcη)λ2+
+ω2c − ω˜2 = 0 .
(18)
The scattering rate γ should be kept only in the last term
as the other terms have nonzero real as well as imaginary
parts already at γ = 0.
The most transparent for analysis is the regime, when
the spacescales corresponding to the two roots λ1 and
λ2 of Eq. (18) have different orders of magnitudes:
|Reλ1|, |Imλ1| ≪ |Reλ2|, |Imλ2|. We will show below
that this case is realized when
s
vF
≫ ωτee ≫ 1 . (19)
If this inequality is satisfied, calculations based on
Eqs. (11) and (18) leads to:
λ21 =
ω2c − ω˜2
s2
( 1 + i u ) , λ22 = −i
ω
η
( 1− i w ) , (20)
where the small parameters u and w, |u|, |w| ≪ 1, are:
u =
(ω2 + ω2c ) η − 2iωωc η
ωs2
, w =
(ωcη − iωη)2
ωηs2
.
The first eigenvalue λ1 describes the character length
of the part of the response related to perturbation of
charge, that is to magnetoplasmons. The corresponding
to λ1 damping coefficient Υp(q) outside the cyclotron res-
onance, |ω − ωc| ≫ γ, was calculated in Ref. [1]:
Υp(q) =
ω2c + ω
2
p
2ω2p
q2Re η +
ωc
ωp
q2 Im η , (21)
where the viscosity coefficients η = η(ω) and η = η(ω)
are taken at the magnetoplasmon frequency ω = ωp(q).
Damping of magnetoplasmons due to scattering on dis-
order is important only in the vicinity of the cyclotron
resonance, |ω − ωc| . γ [see Eq. (20)].
The second eigenvalue λ2 corresponds to the stand-
ing waves of the transverse zero sound. Such waves ex-
ists in strongly non-ideal Fermi liquid at the frequencies
ω ≫ 1/τee [4]. They are similar to the transverse sound
in highly viscous amorphous media, such as glasses, plas-
tics, etc. The transverse zero sound is a characteristic
phenomena to distinguish weakly (gas-like) and strongly
(honey-like) viscous media: it is absent in the first and
exist in the last. When the non-ideality of the Fermi liq-
uid is very high, the longitudinal and the transverse zero
sounds can be considered within hydrodynamics [5]. The
electron-electron collisions, controlling relaxation of the
viscous stress tensor, determine the damping coefficient
of the transverse sound.
The dispersion law ωs(q) and the damping coefficient
Υs(q) of the transverse zero sound come from the second
of Eq. (20):
λ22 ≈ −i
ω
η(ω, ωc)
, (22)
if we put λ2 = iq (q is a real wavevector) and let ω have an
imaginary part, proportional to the magnetosound damp-
ing coefficient Υs. At high frequencies, ωc, ω ≫ 1/τee,
and far from the viscous resonance, |ω − 2ωc| ≫ 1/τee,
we obtain from Eq. (20):
ωs(q) =
√
4ω2c +
v2F q
2
4
, Υs(q) =
4ω2c + ω
2
s
2ω2sτee
. (23)
As we discussed above, for a strongly non-ideal Fermi
liquid vF is a parameter that enters in the zero-field vis-
cosity coefficient as η0 = v
2
F τee/4 and is much greater
than the actual Fermi velocity vF0 [5]. As a conse-
quence, the minimal character length in the present the-
ory, lω = vF /ω, is much larger than the length of the path
that a quasiparticle passes during one period of variation
of ac field, ∼ vF0/ω. Herewith we consider that s≫ vF .
Thus we are able to consider the flows V(y) having the
character spacescales W as small as vF0/ω ≪W ≪ lω.
In Fig. 1(a) of the main text we have presented the dis-
persion laws of the magnetoplasmons and the transverse
zero sound. In this work we do not study the detailed
structure of waves near the interaction point of the mag-
netoplasmons and the transverse zero sound dispersion
laws ωp(q) and ωs(q).
The straightforward calculations on base of Eqs. (16),
(17), and (20) lead to the following result for the distri-
bution of the velocity:
V(y) =
eE0
2m
[A0 + h(λ1, y)A1 + h(λ2, y)A2] , (24)
where
A0 =
1
ω˜ ± ωc
(
i
±1
)
, h(λ, y) =
cosh(λy)
cosh(λW/2)
,
9A1 = ± 1
ω (ω˜ ± ωc)
(
iωc
−ω
)
+
ε
ω2
( −2ωc ± ω
−iω
)
,
A2 =
i
ω
( −1
ε
)[
1 +
iε
ω
( 2ωc ∓ ω )
]
,
and ε = (ωcη − iωη)/s2.
It is seen from Eq. (24) that the viscoelastic part of
the linear response is responsible for forming the flow in
the very vicinities of the sample edges with the widths
of the order of Ls = 1/|Reλ2| in the case W ≫ Ls [see
Fig. 1(b) in the main text] or in the whole sample for
very narrow samples, W ≪ Ls. The plasmonic part of
the linear response governs the flow in the wider near-
edge layers with the widths of the order of Lp = 1/|Reλ1|
in the very wide samples, W ≫ Lp [see Fig. 1(b) in the
main text], or in the central part of the samples with the
widths in the interval Ls ≪W ≪ Lp. In the central part
of the very wide samples, W ≫ Lp, the flow is Ohmic:
V(y) = eE0A0/(2m) [see Fig. 1(b) in the main text].
It is controlled just by motion of individual electrons in
external electric and magnetic fields and scattering on
disorder.
For the complex amplitude
I = en0
∫ W/2
−W/2
dyV(y)
of the total electric current, I(t) = Ie−iωt+c.c., we easily
get from Eq. (24):
I =
e2n0E0W
2m
[A0 + f(λ1)A1 + f(λ2)A2] , (25)
where
f(λ) =
tanh(λW/2)
λW/2
.
Below in this section we perform analytical estimations
of the eigenvalues λ1 and λ2 for the most interesting case
of the large frequencies ω and ωc having the same order
of magnitude, being mach greater than 1/τee, and lying
far or near the cyclotron and the viscous resonances.
For the frequencies ω above the cyclotron resonance,
ω − ωc ≫ γ, the imaginary part of the plasmonic eigen-
value λ1 is:
Imλ1 ≈
√
ω2 − ω2c
s
∼ 1
lp
. (26)
Here and below we present, if it is possible, we present
only the positive values of the imaginary and the real
parts of the eigenvalues λ1,2. The value of Imλ1 in
Eq. (26) is much grater than the real part λ1, which is:
Reλ1 ≈ 1
lp s2
( ω2 + ω2c
2ω
Re η + ωc Im η
)
. (27)
The last formula corresponds to the damping coefficient
of magnetoplasmons due to viscosity (21). The values
Re η and Im η, in their turn, strongly depend on the close-
ness of the frequencies ω and ωc to the viscous resonance.
For the frequencies far and in vicinity of the viscous res-
onance we obtain the two possible magnitudes of Reλ1:
Reλ1 ∼ 1
lp
v2F
s2

1/(ωτee) , |ω − 2ωc| ≫ 1/τee
ωτee , |ω − 2ωc| . 1/τee
. (28)
We see from Eqs. (26) and (28) that indeed Imλ1 ≫
Reλ1, if the condition (19) is fulfilled.
Accordingly to Eqs. (26) and (28), above the cyclotron
resonance the velocity profile V(y) is a standing magne-
toplasmon wave with the wavelength lp ∼ s/ω and the
length of decay Loutp ∼ (s/vF )2 sτee outside the viscous
resonance or Linp ∼ (s/vF )2[s/(ω2τee)] in the vicinity of
the viscous resonance.
Below the cyclotron resonance, ωc − ω ≫ γ, the real
part of the plasmonic eigenvalue λ1 is much greater than
its imaginary part:
λ1 ≈
√
ω2c − ω2
s
∼ 1
lp
. (29)
Thus the corresponding distribution ofV(y) has the non-
oscillating exponential profile with the character length
lp = s/ω.
In the vicinity of the cyclotron resonance, |ω−ωc| . γ,
the real as well as the imaginary parts of the plasmonic
eigenvalue are controlled by scattering on disorder:
λ1 ≈
√
ω2c − ω2 − 2iγω
s
. (30)
Such λ1 corresponds to oscillations and exponential decay
of V(y) with the same period and the decay length L˜p ∼
s/
√
γω. At very weak scattering on disorder, γ → 0, the
lengthscale L˜p is far greater than the lengths lp, L
in
p and
Loutp of decay of the plasmonic contribution outside the
cyclotron resonance.
The eigenvalue λ2 depends only on the closeness of the
frequencies ω and ωc to the viscous resonance. Above the
viscous resonance, ω − 2ωc ≫ 1/τee, we have:
Imλ2 ≈ 2
√
ω2 − 4ω2c
vF
∼ 1
lω
(31)
and
Reλ2 ≈ 2 (4ω
2
c + ω
2)
v2F ω τee Imλ2
∼ 1
lee
. (32)
Here lee = vF τee is the parameter that is not the real
scattering length of quasiparticles, but is the length-
scale related with the viscosity coefficient η0 as lee =
vF τee2
√
η0τee, according to definition of vF (see above).
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We see that Eqs. (31) and (32) correspond to the dis-
persion law and the damping coefficient of the transverse
zero sound (23). As Imλ2 ≫ Reλ2, above the viscous
resonance, ω − 2ωc ≫ 1/τee, the eigenvalue λ2 corre-
sponds to the standing waves of the transverse zero sound
with the wavelength of the order of ls ≡ lω and the length
of decay Ls ∼ lee.
Below the viscous resonance, 2ωc − ω ≪ 1/τee, the
eigenvalue λ2 is mainly real:
λ2 ≈ 2
√
4ω2c − ω2
vF
∼ 1
lω
. (33)
In this case the viscoelastic part of the response has the
form of the exponential increase of V(y) from the edges
into the bulk with the character length lω.
In the vicinity of the viscous resonance, |ω − 2ωc| .
1/τee, we obtain from Eq. (20) the following result:
λ2 ≈ 2
√
4ω2c − ω2 − 4iω/τee
vF
. (34)
In this case, the eigenvalue λ2, as the eigenvalue λ1 in
Eq. (30) near the cyclotron resonance, corresponds to
exponential decay and oscillations with the same char-
acter lengths ∼ √lωlee. The last value is much smaller
than decay length, Ls ∼ lee, of magnetosound above the
viscous resonance and is much greater than the width of
the near-edge regions, ls, below the viscous resonance.
We see that the behavior of the eigenvalue λ2 near and
far from the viscous resonance is similar to the behav-
ior of the eigenvalue λ1 near and far from the cyclotron
resonance.
As it is seen from Eqs. (26)-(32), the introduced above
condition (19) guarantees that Lp, lp ≫ Ls, ls. Thus the
plasmonic and the viscoelastic parts of the linear response
are located in the well-defined layers with the widths of
the different orders of magnitude [see Fig. 1(b) of the
main text].
An analytical calculation of V(y) in a general case
when the condition (19) is failed and the character
lengths of the plasmonic and the viscoelastic part of the
linear response can intersect each other is very cumber-
some. In this case, it is reasonable to use numerical cal-
culations to obtain the resulting dependencies of V(y)
and I on ω and ωc. However, as it is seen from Eq. (18),
the values of V(y) and I will still exhibit the cyclotron
and the viscous resonances.
2. Analysis of the linear response
In this section we perform an analysis of the properties
of the linear response of a 2D highly viscous electron fluid
in a long sample.
The linear responseV(y, t) calculated in the above sec-
tion describes, in particular, absorbtion of energy from
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FIG. 4: The absorbtion power W in units of W0 =
e2n0WE
2
0τee/(2m) as a function of the cyclotron frequency
ωc at a fixed ac frequency ω for the very wide, wide, medium,
and narrow samples. All curves are plotted for the follow-
ing parameters: ωτee = 50, s/vF = 300, and γτee = 10
−7.
Panel (a) demonstrates W(ωc) for the very wide samples
with W/lee = 10
6, that corresponds to W/lp ≈ 2 · 10
5,
W/Loutp ≈ 0.04, and W/L
in
p ≈ 10. Panel (b) corresponds
to the wide samples with W/lee = 80, 30, 20 (red, blue, and
green curves); these values of W/lee correspond to 2piW/lp ≈
5.0, 1.2, 0.9. Panel (c) shows W(ωc) for the medium samples
with W/lee = 5.7, 3.2, 1.8 and W/lω ≈ 280, 160, 90 (yellow,
blue, and red curves). Panel (d) corresponds to the narrow
samples with W/lee = 1, 0.5, 0.2 and W/lω = 50, 25, 10 (red,
blue, and green curves). Inset on panel (a) shows W(ωc) for
the very wide sample with W/lee = 10
6 in large scale by the
horizontal axis. Inset on panel (c) presents the imaginary part
of the ac current Ix(ωc) in units of Ix0 = e
2n0WE0τee/(2m)
for the case of the medium sample (W/lee = 1.8). Inset on
panel (d) presents the absorbtion powerW(ωc) in units ofW0
for the very narrow samples (W/lee = 0.08, 0.04, 0.033 and
W/lω ≈ 0.4, 0.2, 0.16 for purple, blue, and yellow curves); one
can see disappearance of the last transverse sound resonances
with decrease of W .
the ac external field E0(t). The absorbtion power is:
W = 2Re(E∗0I) = E0Re(Ix ± iIy) . (35)
According to the above discussion, depending on the
sample width W and the frequencies ω and ωc, this
value can be mainly determined by magnetoplasmons or
by viscosity. We calculated the dependencies W(ωc) by
Eqs. (25) and (35) at a fixed ac frequency ω for different
sample widths W (see Fig. 4 and its descriptions below).
a) Wide samples: the behaviour of the plasmonic con-
tribution.
In very wide samples:
W ≫ Lp ≫ lp , (36)
where Lp = 1/Reλ1 and lp = s/ω, the plasmonic pertur-
bation at the frequencies above the cyclotron resonance,
ω − ωc ≫ γ, is formed in the near-edge regions with
the widths of the order of Lp. The width Lp strongly
depend on the closeness to the viscous resonance [see
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Eq. (28)]. The viscoelastic perturbation is formed in the
very vicinities of the edges with the widths of the order
of Ls = 1/Reλ2, Ls ≪ Lp [see Fig. 1(b) in the main
text]. The contribution of the viscoelastic contribution
to the current I is negligibility small [see Eq. (24)]. In
the central region,W/2−|y| & Reλ1, the linear response
is the Ohmic flow: it is formed just by the cyclotron mo-
tion of individual electrons and scattering on disorder.
If the absorbtion power W is mainly determined by the
central region, the response exhibits the usual cyclotron
resonance with a symmetric Lorentzian form exactly at
ω = ωc [see Fig. 4(a)].
At the frequencies below the cyclotron resonance,
ωc − ω ≫ γ, the plasmonic-like nonoscillating pertur-
bation of the electron density and the hydrodynamic ve-
locity are formed in the near-edge layers with the widths
of the order of lp ∼ s/ω ≪ Lp. Near the cyclotron res-
onance, |ω − ωc| . γ, the plasmonic perturbations have
the character lengths, L˜p ∼ s/√γω. As we have assumed
that γ → 0, this value can be greater than the sample
width W .
In moderately wide samples:
lp ≪ W ≪ Lp , (37)
the plasmonic perturbations above the cyclotron reso-
nance, ω − ωc ≫ γ, are formed inside the whole sample.
When the sample width is equal to an integer or a half-
integer number of the wavelengths of magnetoplamons,
W =
mπ
qp(ω, ωc)
, (38)
the dependenceW(ωc) exhibits the plasmonic resonances
[see Fig. 4(b)]. In Eq. (38) m is an integer number and
qp(ω, ωc) is the root of Eq. (14). For a fixed ω the po-
sitions of the plasmonic resonance frequency ωp,mc (W )
can fall in the vicinity of the viscous resonance frequency
ωc = ω/2. In this case, the half-width of the plasmonic
resonance, which is proportional to the plasmon damping
due to viscosity (21), resonantly depends on the differ-
ence ωc − ω/2 [see Fig. 2(a) in the main text].
In moderately wide samples [Eq. (37)] the plasmonic
part of the linear response below (|ω − ωc| ≫ γ) and
near (ωc − ω . γ) the cyclotron resonance has the same
properties as in the very wide samples [Eq. (36)].
b) Narrow samples: the behavior of the viscoelastic
contribution. In the samples of medium widths:
Ls ≪W ≪ lp , (39)
where Ls = 1/Reλ2, the viscoelastic part of the linear
response, which is formed in the near-edge regions with
the widths of the order of Ls, give a substantial contri-
bution to the current I(t). In the central part of the
sample, W/2 − |y| ≫ Ls, the flow is still controlled by
magnetoplasmons. The viscoelastic and the plasmonic
contributions to the current can be comparable.
Above the viscous resonance, ω−2ωc ≫ 1/τee the flow
in the near-edge regions, W/2 − |y| . Ls, have the form
of standing waves of the transverse zero sound. Below
the viscous resonance, 2ωc − ω ≫ 1/τee, the viscoelas-
tic part of the linear response is located in the narrower
near-edge layers with the widths ∼ ls ≪ Ls and has the
exponential non-oscillating profile. Due to the change of
the character of the viscoelastic perturbation with the
transition between these two regimes, the viscous reso-
nance arises as a peak in the dependencies W(ωc) and
Ix,y(ωc) [see Fig. 4(c)]. From Eqs. (25) and (34) we im-
mediately obtain for W(ωc) near the viscous resonance:
W(ωc) ∝ Re
(
1√
4ω2c − ω2 − 4iω/τee
)
. (40)
The peak (40) is strongly asymmetric relative to the point
ωc = ω/2.
Near the viscous resonance, |ω − 2ωc| . 1/τee, the
viscoelastic perturbation has the form of the oscillations
near the sample edges rapidly decaying in the direction
inside the bulk with the same period and the decay length
given by Eq. (34).
In narrow samples,
ls ≪W ≪ Ls , (41)
above the viscous resonance, ω− 2ωc ≫ 1/τee the flow is
controlled by viscosity in the whole sample. The dis-
tribution of the hydrodynamic velocity have the form
of standing waves of the transverse zero sound. When
the sample width becomes equal to an integer or a half-
integer number of wavelengths of the transverse sound,
W =
mπ
qs(ω, ωc)
, (42)
the resonances related to forming of the standing waves of
the transverse sound occurs above the viscous resonance
and exhibit themselves in W(ωc) [see Figs. 4(c,d)]. In
Eq. (42) m is an integer number and qs(ω, ωc) is the root
of Eq. (23). Such resonances are similar to the plasmonic
resonances and the resonanses of any standing waves in
a resonator. They can be named “the transverse zero
sound resonances” or “magnetosound resonances”.
In narrow samples [Eq. (41)] below the viscous reso-
nance, 2ωc−ω ≫ 1/τee, the viscoelastic part of the flow is
non-oscillating exponential growth in the directions from
the edges into the bulk and is located in the near-edge
regions with the widths of the order od ls (similarly as
in medium samples).
In maximally narrow samples,
W ≪ ls , (43)
the viscoelastic contribution also dominates. The flow
has a parabolic profile in the whole sample [see Eq. (24)
in the limit λ1,2 → 0]. This regime can be regarded as
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FIG. 5: Panel (a) shows the absorbtion power W±(ωc) ≈
E0Re I
±
x (ωc) in units ofW0 for the case of the medium sample
width (W/lee = 1.8) for the right (+) and left (-) polariza-
tions of the ac fields. Inset on panel (a) shows the difference
W+(ωc)−W
−(ωc) near the plasmonic resonance, ωc = ω/2.
It is seen that the dependencies for the both polarizations al-
most coincide. The parameters of the system are the same
as in Fig. 4: ωτee = 50, s/vF = 300, and γτee = 10
−7. Pan-
els (b) and (c) demonstrates the imaginary part of the ac
current, Im I±x (ωc), in units of Ix0 for the medium sample
widths [W/lee = 1.8 for panel (b) and W/lee = 0.8 for panel
(c)]. Orange and green curves correspond to the right and left
polarizations.
the ac Poiseuille flow in magnetic field. For the current
we obtain from (25):
Ix =
e2n0E0W
3
24mη0
ω2 + 4ω2c + iωτee(−ω2 + 4ω2c)
ω2
(44)
and |Iy| ≪ |Ix|. We see from Eq. (44) that the viscous
resonance manifests itself not in the current, but in the
ac impedance Z = E/Ix. Near the resonance we have
from Eq. (44):
ReZ ∝ 1
1 + (ω − 2ωc)2τ2ee
. (45)
In the limit ωτee ≫ 1 the imaginary part of the cur-
rent (44) is independent on any relaxation parameter.
The motion of the fluid in this regime resembles oscilla-
tions of a charged elastic media, glued near at the edges
y = ±W/2, in response of ac external field. Herewith the
real part of Eq. (44) describes the relaxation of such elas-
tic oscillations. By this way, for the maximally narrow
samples, vF0/ω ≪W ≪ lω, the viscoelasticity transition
occurs at ωτee ∼ 1.
By this way, the viscous resonance manifests itself in
different ways depending on the sample widthW . In wide
samples it can be observed by the resonant dependence
of the half-width of the plasmonic resonance on W . In
medium samples, if the main contribution to the linear
response comes from the viscoelastic part of the flow, the
viscous resonance occurs due to changing of the charac-
ter of the viscoelastic part of the flow, which is stand-
ing magnetosonic waves at the ac frequencies above the
viscous resonance and a non-oscillating decay below the
viscous resonance. In this case, the dependence W(ωc)
has the form of an asymmetrical peak near ω = 2ωc. In
narrow samples when the standing waves of zero sound
are well-formed, the magnetosound resonances related to
coincidence of the sample width with an integer or half-
integer number of wavelengths of the transverse sound,
appear in the dependence W(ωc). In narrowest samples
the ac Poiseuille flow is formed and the viscous resonance
manifest itself in the sample impedance.
An important feature of the viscoelastic part of the
linear response is its independence on the sign of the cir-
cular polarization of ac field [see Eq. (24]. With decrease
the sample width, the dependence of I andW on the sigh
of the circular polarization becomes weaker and, finally,
almost vanish for for both real and imaginary parts at
the sample widths W of the order of the decay length of
magnetosound, Ls ∼ lee (see Fig. 5). Herewith this de-
pendence disappears faster for the real part of the current
Ix, than for its imaginary part than.
3. Experimental results on non-linear ac effects in
high-mobility GaAs quantum wells and possible
hydrodynamic description of these effects
It seems very possible that the viscous resonance is
responsible for the giant peak in photoresistance [6, 7]
and the peculiarities the photovoltaic effect [8], that were
observed at ω = 2ωc in the high-mobility GaAs quantum
wells.
Indeed, first, it was stressed in Ref. [6] that the peak
in photoresistance and a very well pronounced giant neg-
ative magnetoresistance, explained in Ref. [9] as a man-
ifestation of forming of a viscous flow, are observed in
the same best-quality GaAs structures. If 2D electrons in
such structures form a viscous fluid, then any response
of the system on ac field (absorbtion, photovoltage, pho-
toresistance) must inevitably have peculiarities at the fre-
quency of the viscous resonance.
Second, in the current paper we demonstrated that
the peak of the viscous resonance can be asymmetric as
well as symmetric, depending on the sample width. Both
these two forms of the peak are observed in the experi-
ments [6, 7] in different samples at different conditions.
Third, in Ref. [8] numerous magnetoplasmon reso-
nances were observed in the photovoltage signal on sev-
eral GaAs high-quality structures of different geometries.
The peculiarity at ω = 2ωc on the background of the “for-
est” of plasmonic resonances was seen in the meander-
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gated samples. In such structures the space inhomohen-
ity of the flow and the relative role of viscosity are ex-
pected to be greater, compared with the other studied
samples with flat gates and without any gates, where a
smeared peculiarity and no peculiarity was observed at
ω = 2ωc .
Beside this, the following circumstances should be
noted. It was experimentally shown in Refs. [10, 11]
that photoresistance and, in particular, the micro-wave
induced resistance oscillations (MIRO) in high-mobility
GaAs quantum wells do not depend on the sign of cir-
cular polarization of radiation at ωc . ω. At the same
time, moderate negative magnetoresistance at low tem-
peratures was observed [11] on the sample studied in
Ref. [10, 11] (at higher temperatures a positive mag-
netoresistance was observed). With increase of the fre-
quency, the profile of the MIRO oscillations in the region
ωc ≈ ω/2 becomes more irregular (not sinusoidal) and ex-
hibits some peak near ωc ≈ ω/2, as it was also observed
in a more pronounced manner in Ref. [7].
By this way, in Refs. [10, 11] a correlation between the
appearance of a peak-like feature in photoconductivity
near ωc ≈ ω/2 and the independence of photoresistance
on the sign of the circular polarization was, possibly, es-
tablished. In the current paper we demonstrate that the
viscoelastic part of the linear response is independent on
the sign of the circular polarization. These facts could be
an additional evidence that the peak at ω = 2ωc in pho-
toresistance of the high-mobility GaAs quantum wells is
related to the viscous resonance.
Oscillations of photoresistance of high-quality GaAs
quantum wells were recently observed for the case of radi-
ation in the terahertz diapason [12, 13]. The properties
of the revealed oscillations are very similar to those of
MIRO, in particular, they weakly depend or almost do
not depend on the sign of the circular polarization of
radiation.
The assumption about a strong interaction between
quasiparticles in the 2D electron Fermi liquid in the high-
mobility GaAs quantum wells seems to be fulfilled be-
cause of the two following facts. First, the parameter
rs that characterize the strengths of the Coulomb inter-
action in a 2D electron system is about unity for the
structures studied in Refs. [6–8]. Second, there are the
experimental evidences that the effective mass of 2D elec-
trons in high-mobility GaAs quantum wells is strongly
renormalized due to inter-particle interaction [14, 15]. A
preliminary analysis [5] demonstrates that a strong inter-
action between quasiparticles of the 2D electron Fermi
liquid justify the applicability of hydrodynamics for the
proper description of such highly viscous fluids at the
frequencies ω ≫ 1/τee.
To construct the theories of the photoresistance and
the photovoltaic effects, one should take into account
some nonlinear terms in the hydrodynamic equation (10)
following, for example, Refs. [16, 17]. In these works the
theories of the photovoltaic effect and the MIRO oscilla-
tions in photoresistance were developed for 2D electrons
in a disordered systems. One of the main elements of
the theories [16, 17] is the linear response of free 2D elec-
trons on ac field: V0(y) = eE0A0/(2m). In the theory
of the photoresistance and the photovoltage effects in a
viscous electron fluid in a sample without disorder, the
linear response (24) should be used instead of V0(y).
All the previous theories of the MIRO effect were de-
veloped for the model of 2D electrons in a disordered sys-
tem [18]. These theories explained very well the shape
of photoresistance oscillations and their dependence on
temperature and other parameters. The main problem
of all the theories was the inconsistency between the lack
of dependence of the effect on the sign of the circular
polarization in experiment and the presence of such a
dependence in theories. As we now have the evidences
that 2D electrons in high-mobility GaAs structures form
a highly viscous fluid (“electron honey”), it is logical to
construct the theory of the MIRO effect for the case of
such fluid flowing in a sample without any disorder.
In real samples, apparently, there exist the two contri-
butions to photoresistance and other kinetic effects: the
part of the signal is controlled by scattering of individual
electrons on disorder and the other part is controlled by
forming the electron fluid, being is independent on the
sign of the circular polarization.
The theory [17] takes into account the memory effects
in scattering of electrons on smooth localized defects in
magnetic field. This lead to a proper description of the
MIRO oscillations except the explanation of their inde-
pendence the sign of the circular polarization. Possi-
bly, taking into account the memory effects in electron-
electron scattering in the hydrodynamic theory of non-
linear magnetotransport will lead not only to explana-
tion of the giant peak in photoresistance, but also to a
proper description of the MIRO oscillations, similar to
the description within the models for 2D independent
electrons in samples with bulk disorder. The memory
effects in interparticle collisions were considered for the
case of Boltzmann gas in Refs. [19, 20] and, very recently,
for hydrodynamic transport of electrons in graphene in
Ref. [21]. In the future possible theory of hydrodynamic
magnetotransport taking into account the memory ef-
fects in electron-electron collisions in magnetic field, the
calculated linear response (24) will be an element, which
will be used instead of the linear response of free elec-
trons. Thus the resulting photoresistance at magnetic
fields ωc < ω will not depend on the sign of the circular
polarization for the narrow samples.
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